Anthracyclines-induced cardiotoxicity has become one of the major restrictions of their clinical applications. Klotho showed cardioprotective effects. This study aimed to investigate the effects and possible mechanisms of klotho on doxorubicin (DOX)-induced cardiotoxicity.
Background
Chemotherapy is still one of the most frequent primary treatments for patients with various malignant tumors including liver cancer, lung cancer, and ovarian cancer. Many chemotheraputic agents, such as doxorubicin (DOX), have been proven potent in suppressing cancer growth and increasing survival rates in patients with cancer [1] . However, the side effects of these chemotherapeutic agents have drawn the attention of oncologists. Heart failure has been found correlated with administration of chemotherapy, which is considered as cardiotoxicity [2] . It was been reported that reduction in left ventricular ejection fraction (LVEF) was impaired in 12.5% of cancer patients receiving anthracycline/trastuzumab administration [3] . Though several mechanisms have been proposed, such as endoplasmic reticulum stress, mitochondria damage, and calcium overload [4] [5] [6] , the exact molecular mechanisms of cardiotoxicity are still unclear.
DOX is broadly used in cancer patient treatment due to its potent anti-cancer activity and wide spectrum. Nevertheless, the irreversible cardiotoxicity limits its clinical applications. The administration of DOX is thought to induce excessive generation of reactive oxygen species (ROS) which triggers cell apoptosis via multiple signaling pathways [7] . Cardiac apoptosis leads to continuous loss of contractile units, contributing to heart failure. Nuclear factor erythroid 2-related factor (Nrf2) is a key modulator maintaining intracellular anti-oxidative/oxidative balance. By binding with antioxidant response element (ARE), the transcription of its targeted genes were initiated to produce a set of antioxidant enzymes such as peroxiredoxin1 (Prx1) and heme oxygenase (HO1) [8, 9] . The activation of Nrf2/ARE signaling pathway is believed to be regulated by its upstream kinases mitogen-activated protein kinases (MAPKs) including p38, c-Jun N-terminal kinase (JNK), and extracellular signal regulated kinase 1/2 (ERK 1/2) [10] [11] [12] .
Klotho was originally reported as a single-pass transmembrane protein highly expressed in renal tubular epithelium, regulating ageing-related processes [13] . There are two forms of klotho: the full-length form and the secreted form which is generated by proteolytic shedding or splicing of the extracellular part of the full-length klotho. The secretive klotho is soluble and could be considered a hormone that affects remote organs via circulation [14] . Anti-oxidative and anti-apoptotic effects have been suggested. According to previous studies, klotho was associated with the regulation of activation of MAPKs [15, 16] . In the current study, 109-KDa recombinant secretive klotho protein was administrated to DOX-exposed animals and myocytes. The cardiac protective role of klotho in DOX-induced cardiotoxicity was investigated. Furthermore, by using specific MAPKs inhibitors and small interference RNAs (siRNAs), the possible role of klotho in regulating MAPKs/Nrf2/ARE signaling in DOX-treated heart and myocytes was also studied. We believe that results from this study could not only deepen our current knowledge concerning chemotherapy-related cardiotoxicity and cardiac protective effects of klotho, but also provide novel theoretical basis for application of klotho in alleviating chemotherapy-related cardiotoxicity in clinical practice in the future.
Material and Methods

Animals and treatments
Sixty male Sprague-Dawley (SD) rats (eight-weeks old, weighting 220 to 250 g) were used in this study. Rats were maintained in separated polypropylene cages within an artificial environment providing 12-hour light/dark circle, 25±2°C room temperature and 50% humidity. Rats were free to eat standard chow and drink clean tap water.
Several rats were exposed to DOX (3 mg/kg, Sigma-Aldrich) by intraperitoneal injections (single dose of DOX every another day for total three injections) [17] . Recombinant klotho protein (0.01 mg/kg, R&D) was administrated to rats by intraperitoneal injections every another day for total two injections [16] . The JNK inhibitor SP600125 (15 mg/kg, Tocris Bioscience), ERK1/2 inhibitor U0126 (0.22 μg/kg, Sigma-Aldrich) and p38 inhibitor SB203580 (1 mg/kg, Selleck Chemicals,) were administrated to rats by intraperitoneal injections daily for consecutive four days [18] [19] [20] . Control animals received treatments of equal volume of physiological saline. According to the different treatments, equal amount rats (n=10) were assigned into six groups: Control group (control animals), DOX (animals exposed to DOX); DOX+KL (DOX-exposed animal treated with klotho); DOX+KL+JNKi (DOX-exposed animal cotreated with klotho and SP600125); DOX+KL+ERKi (DOX-exposed animal cotreated with klotho and U0126); DOX+KL+p38i (DOX-exposed animal cotreated with klotho and SB203580). The animal experiment protocol was carried out according to Recommended Guideline for the Care and Use of Laboratory Animals issued by Chinese Council on Animal Research. The protocol was reviewed and approved Animal Ethics Committee of Shaanxi Provincial People's Hospital.
Myocytes isolation and treatment
Primary myocytes were isolated from neonate male SD rats in accordance to previous studies [21] . The harvested hearts were perfused by Liberase (4.5 mg/mL, Roche) and the myocytes were isolated and purified in accordance with previous descriptions [22] . Cells were cultured in minimum essential medium (MEM, Gibco) containing bovine calf serum (Gibco), Hank's buffered salt solution (HyClone), 2,3-butanedione monoxime (10 mmol/L, Sigma-Aldrich), L-glutamine (2 mmol/L, Gibco) and antibiotics mix (Sigma-Aldrich) for one hour. Then the cells were maintained in MEM containing bovine serum albumin (0.1 mg/mL, Gibco), L-glutamine (2 mmol/L, Gibco) and antibiotics mix (Sigma-Aldrich) in a cell incubator providing humidified environment, constant temperature at 37°C and fresh air (5% CO 2 ). DOX (1 μmol/L for 24 hours) [17] , klotho (400 pmol/L, four hours prior to DOX exposure) [23] , specific MAPKs inhibitors and specific small interference RNAs (siRNA) against genes MAPKs were used to incubate the isolated myocytes. Control cells were incubated with MEM. Final concentrations of the MAPKs inhibitors were 10 μmol/L. The grouping details were listed in Table 1 .
siRNAs transfections
The expressions of MAPKs were silenced by small RNAs interference technique in this study. SignalSilence p38 MAPK siR-NA (#6564, Cell Signaling Tech), SignalSilence p44/42 (Erk1/2) siRNA (#6560, Cell Signaling Tech) and SignalSilence JNK siRNA (#6232, Cell Signaling Tech) were used to transfect the cells. The scrambled duplex control siRNA (#6568, Cell Signaling Tech) was used as a negative control. The siRNAs were introduced to cultured myocytes by transfection with Mirus TransIT-TKO reagent (Mirus) in six-well culturing dishes according to the instructions provided by the manufacturer. The final concentrations of siRNAs were 100 nmol/L.
Cardiac function evaluation
The cardiac function was evaluated by invasive hemodynamic determination in this study. Briefly, the animals were anesthetized by isoflurane inhalation. Through the right carotid artery, a catheter was intubated into the left ventricle and connected to a pressure transducer. The pressure curve was plotted with Powerlab biological analysis system (AD instruments). Hemodynamic parameters including left ventricular diastolic pressure (LVDP) and left ventricular systolic pressure (LVSP) were determined.
ROS detection
ROS was detected in vivo by using dihydroethidium (DHE, Molecular Probes). Ventricular tissue was embedded with optimal cutting temperature compound (OCT, Sakura) and frozen on dry ice. Then the tissues were made into 6 μm-thick slides. DHE (10 μmol/L) was used to incubate the slides in a dark humidified chamber for 45 minutes at 37°C. The cultured myocytes were washed by PBS and then incubated with DHE in a dark humidified chamber for 30 minutes at 37°C. Fluorescent images were captured by a fluorescence microscope and further analyzed by software ImageJ.
Fluorescence staining
Fluorescence staining was used to evaluate the nuclear translocation of Nrf2 in vitro. After fixing, the cultured myocytes were incubated with antibody against Nrf2 (Cell Signaling Tech, 1: 500) for 10 hours at 4°C. Then cells were incubated with secondary antibodies conjugated with Alexa 488 (Sigma-Aldrich) and DAPI. SlowFade Light Antifade kit (Molecular Probes) was used to alleviate the quenching. After exited at 519 nm, the cells were observed at 442 nm and 495 nm for Alexa 488 and DAPI by using a fluorescence microscope respectively. Captured images were merged and analyzed by software ImageJ. 
Apoptosis assessment
The apoptosis was assessed by terminal transferase UTP nick end labeling (TUNEL) assays. The cardiac slides or cultured myocytes were treated with proteinase K (20 μmol/L, SigmaAldrich). A TUNEL assay kit (Roche) was used according to the protocol provided by the manufacturer. Then the fluorescence images were captured by a fluorescence microscope. The TUNEL-positive cells were considered as apoptotic cells (tagged green). The images were analyzed by software ImageJ.
Western blotting
Whole cell extracts from cardiac tissue or cultured myocytes were prepared by using cell lysis buffer system (Santa Cruz). Nuclear extraction reagents (Pierce) and cytoplasmic extraction reagents (Pierce) were used to extract nuclear proteins and cytoplasmic proteins respectively according to the protocol provided by the manufacturer. Concentrations of protein samples were determined by BCA protein assay kit (Pierce). 20 μg of protein samples were loaded and then separated by SDS-PAGE. The protein samples were transferred electrically to PVDF or NC membranes which were then incubated with primary antibodies against p38 MAPK (Cell Signaling Tech, 1: 1,000), phospho-p38 MAPK (p-p38 MAPK, Cell Signaling Tech, 1: 1,000), JNK (Abcam, 1: 500), phospho-JNK (p-JNK, Abcam, 1: 500), ERK1/2 (Cell Signaling Tech, 1: 1,000), phospho-ERK1/2 (p-ERK1/2, Cell Signaling Tech, 1: 1,000), Nrf2 (Invitrogen, 1: 500), HO1 (Santa Cruz, 1: 1,000), Prx1 (Santa Cruz, 1: 1,000), GAPDH (Santa Cruz, 1: 2,000) and Lamin A (Santa Cruz, 1: 1,000) at 4°C for 10 hours. After washing with TBST, membranes were incubated with horseradish peroxidase conjugated secondary antibodies (1: 5,000) at room temperature for one hour. ECL kit (Pierce) was used to incubate the membranes which were then exposed with Gene Genius (Syngene); then the intensities of the immunoblots were analyzed by software ImageJ.
Statistics
Data acquired in this study was presented as mean ±SEM. Differences between groups were analyzed by Student's ttests or one-way ANOVA with software SPSS (version 16.0, SPSS). Differences were considered significant when p<0.05.
Results
Klotho treatment alleviated DOX exposure-induced ROS production in myocardium and myocytes which was impaired by MAPKs inhibitors or siRNAs.
The results are shown in Figure 1 . The ROS was tagged by DHE fluorescence staining. The production of ROS increased significantly in both DOX-exposed cardiac tissue and cultured myocytes. The administration of klotho dramatically suppressed the ROS production in myocardium and myocytes. However, the treatment of inhibitors of p38 MAPK, JNK, and ERK1/2 significantly impaired klotho's inhibitory effects on ROS production in myocardium and myocytes. Moreover, treatments of siRNAs silencing p38 MAPK, JNK, and ERK1/2 were also found to impair the anti-oxidant effects of klotho in cultured myocytes.
Klotho treatment recovered activation of MAPKs in DOXexposed myocardium and myocytes which was impaired by MAPKs inhibitors or siRNAs.
The immunoblots of p-p38 MAPK, p38 MAPK, p-JNK, JNK, p-ERK1/2, ERK1/2, and GAPDH of myocardium and myocytes are shown in Figure 2 . The phosphorylation levels of p38 MAPK, JNK, and ERK1/2 were dramatically decreased in DOX-exposed myocardium and cultured myocytes. The administration of klotho, however, increased the phosphorylation levels of these MAPKs. Nevertheless, in both myocardium and myocytes, treatment of inhibitors of MAPK, JNK, and ERK1/2 significantly impaired the recovering effects of klotho on phosphorylation levels of corresponding MAPKs. Furthermore, siRNAs silencing p38 MAPK, JNK, and ERK1/2 also reversed the recovering effects of klotho on phosphorylation levels of corresponding MAPKs.
Klotho treatment recovered Nrf2 nuclear translocations in DOXexposed myocardium and myocytes which was impaired by MAPKs inhibitors or siRNAs.
The results are shown in Figure 3 . DOX exposure significantly suppressed the nuclear translocation of Nrf2 in both myocardium and myocytes. The administrations of Klotho dramatically improved the nuclear translocation of Nrf2 in both myocardium and cultured myocytes. However, the treatment of inhibitors of MAPKs impaired the recovery effects of klotho on Nrf2 nuclear translocation in vivo and in vitro. Similarly, siRNAs silencing MAPKs impaired the recovery effects of Klotho on Nrf2 nuclear translocation in cultured myocytes.
Klotho treatment improved expression of anti-oxidant enzymes in DOX-exposed myocardium and myocytes which was impaired by MAPKs inhibitors or siRNAs.
The results are shown in Figure 4 . The DOX-exposure significantly decreased the expression levels of HO1 and Prx1 in myocardium and cultured myocytes. The administration of klotho dramatically recovered the expression levels of HO1 and Prx1 both in vivo and in vitro. The treatment of inhibitors of MAPKs impaired the recovery effect of klotho on HO1 and Prx1 in myocardium and myocytes. In addition, specific siRNAs silencing MAPKs also impaired the recovery effect of klotho on expression levels of HO1 and Prx in cultured myocytes. Klotho administration attenuated DOX exposure-induced cardiac apoptosis and dysfunctions which were impaired by MAPKs inhibitors.
The results are shown in Figure 5 . The DOX-exposure induced cell apoptosis in both myocardium and cultured myocytes significantly. The treatment of klotho, however, repressed the apoptosis. Treatments of specific MAPKs inhibitors impaired the anti-apoptotic effects of klotho in vivo and in vitro. Treatments of specific siRNAs silencing MAPKs also impaired the anti-apoptotic effects of klotho in cultured myocytes. Additionally, the treatment of klotho dramatically improved the cardiac functions in DOX-exposed rats. However, the cotreatments of MAPKs inhibitors impaired the improvements.
Discussion
In the current study, we investigated the protective effects of exogenous klotho protein on DOX-induced cardiotoxicity. The possible underlining molecular mechanisms were also investigated. Our results suggested that the administration of klotho 
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attenuated DOX-induced oxidative stress and cardiac apoptosis, and improved cardiac dysfunctions. We made further investigations to explore the possible molecular mechanisms in this study. Using the specific MAPKs inhibitors and siRNAs silencing MAPKs, we found that klotho exerted its cardiac protective role by recovering the activation of MAPKs/Nrf2 pathway.
Chemotherapy is one of the fundamental therapies for human malignant tumors. Anthracyclines are potent ant-cancer chemotherapeutic agents, which were applied alone or in combination with other kinds of chemotherapeutic agents. DOX is one of the most frequently used anthracyclines which is effective against many human malignant cancers. However, during the treatment, the DOX-induced cardiotoxicity requires our attention because of the limited clinical application of DOX [1] . Though exact mechanisms of DOX-induced cardiotoxicity is still not completely elucidated, cardiac apoptosis has been believed to be an important feature of the cardiotoxicity, which could cause loss of contractile units, leading to heart failure [24] . In the present study, we found that DOX treatment induced cell apoptosis in both the myocardium and cultured myocytes. The in vivo hemodynamic assessments showed that DOX administration impaired both systolic and diastolic cardiac functions. Thus, agents exert anti-apoptotic effects would be helpful in improve DOX induced cardiac dysfunctions.
It has been recognized that DOX-induced cardiotoxicity is also characterized by excessive intracellular ROS production [25] . ROS mediates cell apoptosis via multiple mechanisms such as impairing membrane integrity and causing mitochondrial damage. In this study, we found that compared with normal control, DOX treatment dramatically resulted in excessive ROS accumulation in both the myocardium and cultured primary myocytes. The heart is more sensitive to ROS induced The left panels show the immunoblots of p-p38 MAPK, p38 MAPK, p-ERK1/2, ERK1/2, p-JNK, JNK, and GAPDH in cytoplasmic protein samples extracted from myocardium and myocytes. Columns on the right panels indicate the ratio of p-p38MAPK/p38MAPK (light blue), p-ERK2/1/ERK1/2 (blue), and p-JNK/JNK (dark blue) in myocardium and cultured myocytes respectively. a Differences were significant when compared with control (p<0.05); b differences were significant when compared with DOX (p<0.05); c differences were significant when compared with DOX+KL (p<0.05).
injury because the heart possesses a lower content of antioxidative enzymes such as HO and Prx1 compared to other mammalian organs [26] . That may explain why DOX is most toxic to the heart. Results from this study indicated that DOX exposure dramatically downregulated the expression levels of HO1 and Prx1 in both the myocardium and primary myocytes. a Differences were significant when compared with control (p<0.05); b differences were significant when compared with DOX (p<0.05); c differences were significant when compared with DOX+KL (p<0.05).
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Nrf2 is an important member of the cap 'n' collar family of basic leucine zipper transcription factors, playing a part in the anti-oxidative defense system by upregulating expressions of anti-oxidant enzymes [27] . After activation, Nrf2 translocates to the nuclear area to bind with ARE which is located in the promoter region of genes encoding the phase II antioxidant enzymes [8] . In this study, results from both in vivo and in vitro investigations showed that DOX exposure suppressed the nuclear translocation of Nrf2. A set of protein kinases referred as MAPKs were believed to regulate the activation of Nrf2/ARE signaling [28] . MAPKs including JNK, ERK1/2, and p38MAPK were reported involved in cellular defense responses to stressful factors such as ROS [29] . The activation of MAPKs would further facilitate the activation of Nrf2/ARE signaling [30] . Evidence gathered in this study indicated that DOX exposure deactivated MAPKs by reducing their phosphorylation in vivo and in vitro.
The Klotho gene was initially identified as a putative aging-suppressor gene. The mutation of Klotho was reported to shorten life span [31] . The product klotho protein was believed to be a humoral factor attenuating oxidative stress, inflammation, and apoptosis [32, 33] . Though several mechanisms were proposed, deeper understanding is still needed. Unlike the ROS scavengers, such as NAC, klotho may exert its anti-oxidative and anti-apoptotic effects by taking part in the anti-oxidative defense system. Several previous studies suggested that klotho could regulate the activation of JNK [16] , ERK1/2, and p38MAPK [23] . A very recent communication indicated that the Nrf2 activation was also regulated by klotho [34] . Thus, our hypothesis was: klotho activates MAPKs/Nrf2/ARE signaling. This pathway could facilitate anti-oxidant enzymes synthesis which reduces ROS mediated apoptosis in myocytes exposed to DOX.
In this study, klotho was administrated to DOX-exposed rats and primary myocytes. The results showed that klotho treatment reduced intracellular ROS accumulation. Meanwhile, the cardiac apoptosis was also dramatically attenuated. As a result, the cardiac systolic and diastolic functions were improved. Further investigations showed that klotho treatment recovered the phosphorylation of MAPKs which activated Nrf2/ARE signaling pathways. As a result, the expressions of the anti-oxidant enzymes HO1 and Prx1 increased significantly. MAPKs and siRNAs against MAPKs were used to further testify our hypothesis. We found that the application of specific inhibitors of JNK, ERK1/2, and p38MAPK impaired klotho's anti-oxidative and anti-apoptotic effects in vivo and in vitro. As a result, cardiac function improvements in rats receiving klotho treatment were also impaired by MAPKs inhibitors administration. Moreover, the recovery of MAPKs/Nrf2 signaling and expression levels of anti-oxidant enzymes were also impaired by MAPKs inhibitors and siRNAs silencing MAPKs in klothotreated myocytes. These results indicated that MAPKs were the targets for klotho administration.
Conclusions
The deactivation of MAPKs/Nrf2 signaling was involved in DOX-induced cardiotoxicity, which was characterized by cardiac apoptosis, and which lead to cardiac dysfunctions. Klotho recovered activation of MAPKs/Nrf2 signaling which reduced ROS-mediated cardiac apoptosis and eventually improved cardiac dysfunctions. Results from this study not only deepen our knowledge concerning chemotherapy-induced cardiotoxicity, but also show the theoretical basis of the application of klotho as a cardiac protective agent for patients undergoing chemotherapies.
Limitations
However, there are limitations of this study. 1) Specific siRNAs against MAPKs were used in the in vitro study rather than in vivo studies because the knock-down efficacy of siRNA in vivo is hard to guarantee. Nevertheless, these siRNAs should be utilized in vivo to make the evidence more solid. 2) More functional indicators could be employed to make the study more persuasive. Take echocardiography for instance, both cardiac index and LVEF could be evaluated. 3) Evidence proving Nrf2/ ARE signaling activation was not complete. The binding activity of Nrf2/ARE could be assessed by ARE-luciferase activity assay which could provide more direct evidences.
